Introduction
[2] The Patagonian Icefields constitute the largest ice masses in the Southern Hemisphere outside of Antarctica. The great majority of the glaciers have been retreating and thinning in recent decades [Naruse et al., 1997; Rignot et al., 2003; Rivera et al., 2007; Masiokas et al., 2009; López et al., 2010; Willis et al., 2012] . Very little is known about how these changes in ice mass are connected to changes in climate: Do glaciers loose mass due to increased melt, decreasing accumulation, changes in the ice dynamics or a combination of all of these contributions?
[3] Different signals of climate change have been observed in the region of the icefields: Analyzing seven meteorological stations distributed on both the eastern and the western sides of the icefields Rosenblüth et al. [1995] observed a warming trend of 0.4°C-1.4°C (0.003°C-0.028°C/year) south of 46°S since the beginning of the last century, with highest warming at Rio Gallegos next to the Atlantic ocean. Ibarzabal y Donangelo et al. [1996] found a warming trend of 0.3°C in the period (0.006°C/year) at a weather station in El Calafate (50°30'S) close to the Moreno Glacier, a large outlet glacier of the Southern Patagonian Icefield. Analyzing reanalysis data at the grid point 50°S, 75°W, Rasmussen et al. [2007] found a warming of 0.5°C at 850 hPa between 1960 and 1999 (0.013°C/year). Falvey and Garreaud [2009] found that between 38°S and 48°S temperature trends over land were weak in the last 30 years. As for precipitation, large interannual and interdecadal variations have been observed in Patagonia, although with no significant overall trends in the last century [Rosenblüth et al., 1995; Carrasco et al., 2002; Aravena and Luckman, 2009] .
[4] Geodetic mass balance observations have reported high thinning rates for the ablation region [Rignot et al., 2003] . More recently, significant thinning, although at smaller rates than in the ablation areas, has also been observed over the accumulation region [Rivera et al., 2007; Willis et al., 2012; López and Casassa, 2011] . Glaciological Rivera et al. [2007] . Yellow triangles represent weather stations that were used for the validation of the modeled climate data and red points represent direct mass balance measurements on the NPI. Inset: Location of the NPI and SPI in Southern South America. mass balance observations include ablation data measured at stakes [Ohata et al., 1985; Takeuchi et al., 1996] and accumulation data from firn cores [Yamada, 1987; Aristarain and Delmas, 1993; Matsuoka and Naruse, 1999; Schwikowski et al., 2006; Kohshima et al., 2007; Vimeux et al., 2008] .
[5] Mass balance modeling efforts on the icefields are sparse : Rivera [2004] applied a degree model to Chico Glacier on the Southern Patagonia Icefield to calculate the surface ablation and distributed accumulation according to a precipitation lapse rate derived from short-term observations of accumulation at three points in the accumulation area and in the vicinity of the glacier. Using data from reference stations located around the periphery of the Patagonian Icefields as input, he obtained an average annual surface mass balance of -0.84˙0.30 m/yr for Chico Glacier for the years 1975 -2001 . Koppes et al. [2011 applied a degree-day model and estimated an accumulation gradient, considering the accumulation measurements of Yamada [1987] and Matsuoka and Naruse [1999] , to model the surface mass balance of San Rafael Glacier. Using reanalysis data as input for the mass balance model, they obtained a slightly positive average annual surface mass balance for the period . Comparing ice elevation changes and length changes of the glacier with the results of the mass balance model, they could make inferences about the calving fluxes of the glacier.
[6] In this contribution, we examine the climate and the surface mass balance on the Northern Patagonia Icefield (Figure 1 ), using a combined modeling approach based on NCEP/NCAR reanalysis data [Kalnay et al., 1996] and the ECHAM5 Global Circulation Model data [Roeckner et al., 2003 ] similar to the approach presented in Machguth et al. [2009] for the Alps. A physical downscaling of these data sets to a resolution of 5 km is achieved by applying the regional Weather Research and Forecasting (WRF) climate model on a test period (2005) (2006) (2007) (2008) (2009) (2010) (2011) . Analyzing the test period, generalized downscaling patterns can be recognized and applied to the rest of the data set (section 2.1). The physically downscaled meteorological data are further downscaled to a resolution of 450 m by sub-grid parameterizations, which consider constant temperature and precipitation gradients and clear-sky radiation calculations [Corripio, 2003] on the finer grid. The surface mass balance model considers the incoming solar radiation, along with a term that approximates the sum of the long-wave radiation and the turbulent fluxes using a linear function in temperature [Oerlemans, 2001] (section 2.2). The results of the downscaling of climate data are compared to measurements at different weather stations and corrected for observed biases (section 3). In section 4, the results of the surface mass balance simulations from 1975 to 2011 are presented and compared to mass balance observations. In section 5, predictions are made for the surface mass balance of the Northern Patagonia Icefield in the 21st century. In section 6, we discuss our results and draw the major conclusions of our work.
The Northern Patagonia Icefield
[7] The Northern Patagonia Icefield (NPI) with an area of 3953 km 2 [Rivera et al., 2007] (Figure 1 ) and the Southern Patagonia Icefield (SPI) with an area of 13,000 km 2 [Aniya et al., 1996] (inset Figure 1) are the two largest ice masses in the Southern Hemisphere outside of Antarctica. They lie at relatively low latitudes (46°30'S-51°30'S) as compared to other glaciated regions with maritime influence (Alaska or Northern Europe) and San Rafael Glacier on the NPI is the nearest tidewater calving glacier to the equator. On the NPI, San Rafael is the only tidewater calving glacier and several other glaciers calve into rather small pro-glacial lakes. On the SPI, most of the major outlet glaciers calve into fjords on the western side and into large lakes on the eastern side of the icefield. Both icefields together contributed 0.042˙0.002 mm per year to sea-level rise during the period 1968 /1975 -2000 [Rignot et al., 2003 , the NPI accounting for 27% of this amount. Ice thicknesses on the plateau of the NPI are very high (up to 1460˙500 m, Casassa [1987] ).
[8] Due to the harsh climatic conditions and large mass turnover rates on the NPI, direct mass balance measurements are difficult to accomplish. A Japanese expedition in December 1983 installed ablation stakes from an altitude of 200-1000 m above sea-level at San Rafael Glacier [Ohata et al., 1985] [Yamada, 1987; Matsuoka and Naruse, 1999] .
[9] Two important geodetic mass balance surveys including the NPI are used in this contribution in order to validate the output of the model:
[10] 1. Rignot et al. [2003] compared a DEM generated from maps compiled by the Instituto Geográfico Militar of Chile generated from aerial photographs of the year 1975 and Argentinean cartography from 1968 with the DEM from the 2000 Shuttle Radar Topography Mission (SRTM DEM).
[11] 2. Willis et al. [2012] compared the same 2000 SRTM DEM with different DEMs generated from ASTER images between 2007 and 2011. They generated a time series of elevation changes with the different DEMs generated from the ASTER images. The average time between the ASTER DEMs and the SRTM DEM is denoted as 9.2 years.
Methods

Downscaling of Global Meteorological Data
[12] Obtaining realistic meteorological input data for surface mass balance modeling over the Patagonian Icefields is a major challenge. The Patagonian Andes are high, narrow and complex mountain ranges that mark an extremely sharp climatological gradient. On the western side of the icefields, precipitation records from weather stations at lighthouses and isolated coastal townships indicate annual rainfall of between 2-6 m, with little seasonal variation [Carrasco et al., 2002] . East of the divide, annual precipitation drops rapidly and may be less than 0.3 m only tens of kilometers from the crest. At elevated sites over the icefields themselves, precipitation records are sparse. Very high accumulation values are estimated to balance the high ablation rates observed at the tongues of the outlet glaciers [Ohata et al., 1985; Takeuchi et al., 1996; Rott et al., 1998 ]. Mean annual precipitation rates in the range of 5-8 m were derived analyzing the discharges measured in the main rivers of the principal catchments of the icefields [Peña and Escobar, 1987; Escobar et al., 1992] . Shiraiwa et al. [2002] measured accumulation of 17.8 m/yr between the summers 1997/1998 and 1998/1999 in the accumulation area of Tyndall Glacier on the SPI analyzing a shallow firn core.
[13] The extremely high accumulations over the Patagonian Icefields are a direct consequence of orographic precipitation processes [Smith, 1979; Roe, 2005; Houze, 2012] that occur as the prevailing westerlies force moist air to rise up over the mountains. In the most simple upslope flow formulations, the amount of precipitation is proportional to the incoming moisture flux multiplied by the slope of the underlying terrain [Lin et al., 2001] . Consistently, studies in several mountain ranges around the world have shown strong empirical relationships between orographic precipitation and flux related parameters observed upstream [Wratt et al., 2000; Pandey et al., 1999; Falvey and Garreaud, 2007] . Garreaud et al. [2012] used a medium resolution mesoscale model to explore precipitation forcing over Patagonia and found a strong relationship between simulated rainfall and low-level zonal flow along the western side of the Patagonian Andes. The amount of precipitation may also depend on other factors such as the timescales for hydrometeor formation [e.g., Jiang and Smith, 2003] , and the vertical extent of the upslope flow. The former is related to the efficiency of the microphysical processes within the orographic cloud (which in turn has a strong link to air temperature), while the latter depends largely on the speed and stability of the impinging flow.
[14] Due to its narrow width (around 50 km), orographic precipitation processes over the NPI are not represented in current GCMs used for climate change simulations. For example, the entire NPI fits beneath just one grid cell of the ECHAM5 used to simulate future climate in the present study. As such, the use of downscaling methods is necessary if realistic input data for mass balance calculations are to be obtained. Downscaling methods are generally divided into statistical or dynamical categories. Statistical downscaling techniques usually relate local observations to the large scale circulation parameters that are well predicted by general circulation models (GCMs) using either weather typing, weather generators or regression models [Wilby and Wigley, 1997] . In all of these methods, regional climate is considered to respond to the large-scale climate state in the form R = F(X), where R represents the local climate variable that is being downscaled, X is the set of large-scale climate variables (predictors) and F is a function that is established by training and validating the models using point observations or gridded reanalysis data. Statistical methods require that long observational data sets be available in order to develop reliable models F, and the technique is of limited applicability in regions where observing networks are sparse.
[15] The total absence of reliable, long-term observational records over the NPI means that the use of dynamical downscaling methods, based on regional climate models (RCMs) is the only alternative for generating physically plausible patterns of surface meteorological forcing. RCMs are limited area models that resolve a complete set of dynamical equations for atmospheric motion, taking into account the impact of topography at a scale determined by the resolution (grid spacing) of the computational domain. Lateral boundary conditions are usually provided by the output from global analysis or GCM simulations of past, present or future climates, depending on the study objective. A drawback of all RCMs is their high computational cost, which increases dramatically as horizontal resolution is improved, and carrying out long-term simulations with high resolution RCMs is often not feasible.
[16] Our study objective is to provide simulations of the mass balance over the NPI for the period 1975-2100 based on daily surface meteorological data. Unfortunately, neither the computational resources nor enough long-term observational data sets are available that would allow the direct application of either a high resolution RCM or statistical downscaling techniques. We have therefore opted for a somewhat unconventional approach that uses a RCM to provide high resolution (5 km) simulations over the NPI for a limited 7 year time period (2005) (2006) (2007) (2008) (2009) (2010) (2011) [17] The Weather Research and Forecasting (WRF) regional atmospheric model constitutes the dynamical component of our downscaling scheme. WRF is a modern, widely used atmospheric simulation code appropriate for spatial scales ranging from several hundreds of meters to several thousands of kilometers. The model employs a nonhydrostatic dynamical core [Skamarock and Klemp, 2008] along with a number of physical parameterization schemes for cloud, rain and snow/ice processes, surface interactions, planetary boundary layer (PBL), radiative transfer, and turbulence. The WRF model has been used for downscaling purposes in past studies [Bukovsky and David, 2009] , and has also been successfully employed to simulate orographic precipitation processes in several mountain ranges worldwide (e.g., Houze [2012] and references therein). In this study, version 3.2 of the WRF-ARW (Advanced Research WRF) model was run for a 7 year period from 2005 until 2011, using a nested computational grid with a spatial resolution of 5 km over an area of 675 km 425 km that includes both the NPI and SPI. Here, we focus on the NPI only, but data from the entire model domain are used to validate precipitation and temperature fields against available observational data in the region (section 3). Figure 2 shows the topography of the model over the NPI.
[18] The model was forced at its boundaries by NCEP-NCAR atmospheric reanalysis [Kalnay et al., 1996] . These analyses combine information from operational meteorological observing systems with a coarse resolution dynamical model to produce spatially and temporally consistent 3-D atmospheric fields on a 2.5°resolution grid at 6 h intervals. To simulate precipitation, the WRF simulations made use of the Thompson bulk micophysics scheme, which simulates interactions between five phases of liquid and solid water in the atmosphere [Thompson et al., 2008] . Other parameterization schemes employed include the surface layer and PBL scheme of Sukoriansky et al. [2005] , Kain-Fritsch convection [Kain and Fritsch, 1993] (outer grids only), and shortwave/longwave radiation by Chou and Suarez [1994] and Mlawer et al. [1997] , respectively. WRF output was saved at hourly intervals and later processed to yield the daily averages required by the mass balance model described in section 2.2. The long-term pattern of precipitation produced by the WRF model is shown in Figure 2 and indicates a considerable degree of variability across the NPI. The mean annual accumulations predicted by WRF are very high, reaching over 15 m in highest elevation parts of the NPI. A detailed discussion of the accuracy of these precipitation fields, along with the temperature and incoming solar radiation data that are also derived from the WRF model, is presented later in section 3.
Statistical Extrapolation (1975-2011)
[19] Statistical downscaling techniques are usually used to relate local climate observations to large scale atmospheric parameters that are predicted by low resolution GCMs [Fowler et al., 2007] . In this study, we apply the same techniques to climate variables derived from the WRF simulations. The basic assumption is that local variability (which in this case is simulated rather than observed) is to a large extent controlled by the overriding synoptic condition, and that long-term changes in these synoptic conditions are the key drivers of long-term changes in local variables. Given that the reanalysis data to be used to train the statistical model are the same as that used to specify the lateral boundaries of the WRF model, we expect to find strong statistical relationships even though only 7 years of WRF data are available. In this study, we adopt a straightforward multiple-regression technique, in which linear equations were developed separately at each model grid point (i, j) for each of the three variables R required by the mass balance model (daily precipitation, temperature, and solar radiation). The daily R ij series for the period 2005-2011 are modeled in terms of 11 predictors (X) taken from the NCEP-NCAR reanalysis at a grid point some 250 km upstream (west) of the NPI. The predictor set is summarized in Table 1 and consists of a mix of atmospheric variables deemed to be most important in orographic precipitation situations, including lateral moisture flux components, humidity and temperature. Because temperature predictors are available at several levels, information regarding atmospheric stability is also included within the predictor set. The single upstream grid point was used because this point is topography free in the Reanalysis model. Meteorological variables at this location are expected to be more comparable to the same variables taken from other models (such as ECHAM5, see section 2.1.3) that may have different topography directly over the NPI.
[20] The coefficients of the linear equations were determined using stepwise regression technique [Wilks, 2006] , which retains only those predictors whose inclusion explains a significant (p = 0.05) additional fraction of the variance of R ij . In the case of daily precipitation and incoming solar radiation, whose underlying climatological distributions are highly non-Gaussian, a normal-quantile transform Themeßl et al. [2011] was applied before applying the regression procedure. Figure 3 shows an example of the downscaling procedure applied to the precipitation series at a model grid point on the upwind slopes of the NPI.
[21] The complete regression equation (not shown) for precipitation P at this point includes several predictors of which the most important are +Fu700, +T1000 and -T700. Fu700 is the zonal moisture flux at 700 hPa and T1000 and T700 are the temperature at 1000 and 700 hPa, respectively. Varying these predictors explains 85% of the variance in P. The presence of the Fu700 term is not surprising, as the previously mentioned studies of orographic precipitation have indicated the low level moisture flux perpendicular to the mountain range to be a near ubiquitous controlling factor in mid-latitude mountains. Indeed, the Fu700 term contributes to about 50% of the downscaled precipitation variance. The temperature terms have opposite signs, which indicates that precipitation is also modulated, to a lesser extent, by low level atmospheric stability (e.g., T700-T1000), with higher stability leading to lower precipitation amounts. This result is also physically reasonable, as the vertical extent of upward motion on the upwind slopes is known to increase with decreasing stability [Smith, 1979] , and convective circulations are inhibited in more stable air masses. At daily time scales, the regression model performs reasonably well in reproducing the WRF precipitation series (Figure 3a) , although there is considerable scatter (Figure 3b ), reflecting the complexity of the processes that lead to precipitation in the WRF model, and the overall correlation coefficient (r) is 0.76. When collected into monthly averages (Figures 3c and  3d ), the correlation improves significantly (r = 0.89) indicating that the statistical downscaling method is well capable of capturing precipitation variability at longer timescales. The lower panel (Figure 3e ) shows how the technique may be used to extrapolate the WRF backwards over 1975-2011, by simply applying the regression equations to daily reanalysis data for this period. The resulting annual series show considerable year-to-year variability in precipitation over the icefields, along with a weak increasing trend. Results for near-surface temperature variability (not shown) show much higher correlations (r = 0.91 for daily means) and strong dependence on the temperature in the lower atmosphere (T700). Results for daily mean incoming solar radiation show weaker performance statistics (r = 0.71 at daily time scales), and like the precipitation, show a strong dependency on the moisture flux at 700 hPa. Regression results were developed for each model grid point in the entire WRF computational domain, in order to facilitate the validation of the downscaling system against real observational and the projection for the 21st century based on the ECHAM5 GCM simulation. data (section 3). Over all NPI grid points, the correlation coefficients obtained are similar to the previous example (0.65-0.80 for precipitation, 0.85-0.93 for temperature and 0.56-0.77 for solar radiation) and indicate that the statistical technique is applicable over the entire NPI region where the mass balance model is to be applied.
Future Climate Prediction (2000-2099)
[22] The evolution of surface climate over the NPI during the 21st century is modeled by applying the downscaling technique described in the previous section using data taken from a single simulation of the ECHAM5 coupled oceanatmosphere general circulation model [Roeckner et al., 2003] under the A1B emissions scenario. The A1B scenario assumes globalization with a balanced emphasis on all energy sources. Under this scenario, the mean global CO 2 concentration by the end of the 21st is approximately twice its pre-industrial value [Houghton et al., 2001] . The available model data are global fields of pressure, temperature, specific humidity and zonal and meridional winds on a global, sigma-level grid of approximately 3.75°resolution, at 6 h intervals for the period 2000-2100. It was possible to process the ECHAM5 data to obtain exactly the same predictor set used to train the statistical downscaling procedure. In order to work correctly, it is important that the predictors derived from ECHAM5 exhibit more or less the same mean values as the Reanalysis in current climate, or else the resulting estimates of the downscaled variables will be biased. A cursory examination of large scale fields over the Patagonia region (not shown) indicates that the ECHAM5 model reproduces the mean climate of the region for the (Table 1) generally have only small biases and these were subtracted before applying the regression equations.
[23] The downscaling procedure described in the previous section was applied using bias corrected ECHAM5 predictors to generate daily surface data for the period 2000-2100. The precipitation series for the example model grid point used earlier is shown in Figure 3e , where no clear long-term change in annual precipitation may be discerned for this grid point. Figure 4 shows maps of the long-term tendencies in all the meteorological input variables used in the mass balance calculation. Precipitation trends (Figure 4a ) are weak over most parts of the NPI, although there is a general spatial pattern of increasing precipitation on the western slopes of the Icefields, and decreasing trends on the main ridges and on the lee side. Overall, the net change in total precipitation over the NPI is small. This behavior is somewhat surprising, as the increasing westerlies predicted by the ECHAM5 model (Table 1 ) might be expected to lead to higher precipitations over the course of the century. However, it appears that the precipitation increase resulting from stronger moisture fluxes is, to a large extent, canceled out by the effect of increasing low level atmospheric stability upwind of the NPI. Significant increasing temperature trends between 1.5°C and 2.0°C are predicted over all of the NPI for the 21st century (Figure 4b) . Incoming solar radiation also shows a significant positive trend (Figure 4c ) of between 10-20% over most parts of the NPI.
[24] We note that an important assumption made when using this technique is that the statistical transfer function derived from Reanalysis in present climate remains constant for the future climate simulated by the ECHAM5 model. This is a widely recognized aspect of statistical downscaling methods in general, and its implications have been discussed in several review papers (e.g., Giorgi and Mearns [1991] ; Wilby and Wigley [1997] ). In general, it is recommended that statistical downscaling techniques only be applied in situations where the circulation regime does not change markedly between the training period and future climate, and where feedbacks between the atmosphere and the land-surface are unlikely to have an important impact on the local climate variables to be predicted. We believe that in the case of the Patagonian Icefields, the statistical relationships derived from Reanalysis are likely to be quite robust for the 21st century. As evidenced by the trends given in Table 1 , the atmospheric circulation pattern, characterized by moist prevailing westerlies in the lower troposphere, does not change dramatically throughout the 21st century. Furthermore, the major land-surface feature of the region is the Icefield itself, and this feature is not expected to have a particularly large impact on the values of variables such as precipitation and radiation, nor is its surface area expected to change to such a degree that local climate could be significantly influenced. Nonetheless, the assumption of temporal stability is an important aspect of the downscaling procedure and in future work could be tested by running regional simulations with the WRF model for the future climate scenario.
Surface Mass Balance Model
[25] A distributed mass balance model with daily time steps is applied to model the surface mass balance of the icefields. A spatial resolution of 450 m was found to be a good compromise between reproducing significant glacier structures and reasonable computation times. As topography for the mass balance model the digital elevation model (DEM) from the 2000 Shuttle Radar Topography Mission with a resolution of 90 m was averaged over five grid cells. The specific surface mass balance b of every grid cell I of the mass balance model was computed by subtracting the ablation a from the accumulation c:
Ablation was calculated according to a simplified energy balance model in which the sum of the long-wave radiation and the turbulent fluxes is approximated by a linear function in temperature [Oerlemans, 2001] :
where˛is the albedo at the grid cell, T denotes the daily average temperature at two meters, Rad in the daily average incoming solar radiation, and C 1 and C 0 are tuning parameters, which will vary depending on how the sum of the long-wave radiation and the turbulent fluxes on average depend on the temperature. Three different albedo values s = 0.7,˛f = 0.45 and˛i = 0.3 are used, depending if the surface of the grid cell consists of snow, firn or ice, respectively. In the model, snow turns into firn after 1 year and into ice after another year. The terms in (2) are in W/m 2 and have to be multiplied by the number of seconds of 1 day and divided by the density of water and divided by the latent heat of fusion of water to obtain the daily mass loss in meter water equivalent (m w eq).
[26] The accumulation of mass at every grid cell c(I ) is defined as the solid part of the precipitation (P)
where q(I ) is determined by the temperature in the grid cell as follows: [27] To obtain the input data on the 450 m-grid of the mass balance simulations, the downscaled meteorological data obtained from the statistical downscaling have to be further downscaled. The temperature is strongly dependent on the elevation. Therefore, this altitudinal dependence is first removed from the daily temperature data on the 5 km-grid obtained from statistical downscaling (T 5km ) according to
with a constant temperature lapse rate of lr T = 0.0065°C/m and the elevation according to the WRF model topography z 5km (Figure 3 ). Then T 5km 0 is interpolated to the 450 m-grid T 450m 0 and in the next step the temperature dependence is reintroduced according to the mass balance model's topography on the 450 m-grid (z 450m ):
We used inverse distance weighted interpolation to obtain T 450m 0 from T 5km 0
. We emphasize that the constant temperature lapse rate lr T is only used to distribute the temperature more realistically inside the 5 km grid cells. The overall lapse rate of temperature is determined by the WRF simulations (and the statical downscaling procedure). The daily average of the incoming solar radiation on the 450 m-grid is obtained in the following steps:
[28] 1. the clear-sky direct and diffuse incoming solar radiation is calculated on the 450 m-grid using a radiation code [Corripio, 2003] ;
[29] 2. these values are averaged on the 5 km-grid;
[30] 3. the downscaled global radiation data are divided by the averaged clear-sky radiation to obtain a cloudiness factor;
[31] 4. the computed incoming clear-sky radiation on the 450 m-grid is multiplied by the corresponding cloudiness factor, to obtain the actual daily incoming radiation value.
[32] To obtain precipitation data on the 450 m-grid the statistically downscaled precipitation data are first interpolated to the 450 m-grid (inverse distance weighting as well), then a precipitation lapse rate lr P is applied to account for the differences between the interpolated WRF model topography and the mass balance model's topography:
where the precipitation lapse rate lr P was set to 5% per 100 m. Again, the constant lapse rate is only used to distribute the precipitation more realistically inside the 5 km grid cells, and the overall precipitation lapse rate is determined by the results of the statistically downscaled WRF simulations.
Results and Validation of the Downscaling
[33] For the validation of the modeled climate data, several sources of measured meteorological data were available (here, the term 'modeled climate data' is used to refer to the climate data that were used as input data for the mass balance modeling after the statistical downscaling detailed in section 2.1 and the subgrid parametrization explained in section 2.2):
[34] 1. the Chilean Weather Service (DMC): Continuous data of temperature and precipitation with long-time records although there are problems at some stations in the 2000s,
[35] 2. the Chilean Water Directory (DGA): Precipitation data of mixed quality and record length,
[36] 3. other sources: Including the Chilean Navy, the Argentine Weather Service and the measurements of Koppes et al. [2011] .
[37] Details for all the weather stations analyzed in our study are summarized in Table 2 .
Temperature
[38] Comparing the available temperature measurements with the modeled data, we observed that at all the weather : 1985-1987, 1989-1991, 1994-2011 -0 Figure 5 . In Puerto Aysén, the correction of the modeled data improves the prediction of the summer temperatures in most of the cases. However, in most recent summers, the original modeled temperatures agree sometimes better with the observed temperatures. At the more continental stations (Coyhaique, Balmaceda, Chile Chico) the corrected summer temperatures are still too low. Corrected winter temperatures are still overestimated at these weather stations. However, the influence of too warm winter temperatures on the modeled mass balance is not very high, because in the winter time, ablation events are rare. At the lighthouse weather station Cabo Raper, the corrected summer temperatures are a little bit too high and winter temperatures agree well. So the ideal would be to vary the temperature correction with distance from the sea, but with the few measurements available, it is difficult to quantify this variation. Hence, we prefer to chose a spatially constant temperature correction, which was chosen considering stations at the east and the west of the icefields and Puerto Aysén 120 km to the North of the NPI but with a similar longitude. The correlations between the measured and corrected modeled temperatures were generally high, around 0.8 on the daily data and higher than 0.95 on the corrected monthly data. Corrected modeled yearly mean temperatures were mostly slightly higher than the measured ones, due to the warmer winter temperatures at the continental stations (see Table 2 ). At the stations San Pedro and San Rafael, it was not possible to evaluate the model's output, because the corresponding WRF-gridcell was classified as ocean, which strongly reduces the yearly amplitude of temperature variation.
Precipitation
[39] Comparing the modeled monthly precipitation sums to measurements, we obtained generally good correlation (r prec ) of around 0.7 for the data sets with longer records (Puerto Aysén, Puerto Chacabuco, Coyhaique, Balmaceda, Bahía Murta) ( Table 2 ). In Figure 6 , we show the good agreement between the measured and modeled long-term precipitation series of Puerto Aysén.
[40] At the easternmost stations (Chile Chico, El Calafate), where very low amounts of precipitation are registered, the model strongly overestimates the amount of precipitation and the correlations are poor. All in all, it is difficult to find a correction that clearly improves the results of the modeled precipitation data. In most of the cases, we observed an over estimation of the precipitation values and we therefore introduced a global precipitation correction factor p corr < 1, which was used as a tuning parameter in the mass balance calculations.
Incoming Solar Radiation
[41] Unfortunately, only one set of radiation data in the vicinity of the NPI could be obtained. In Figure 7, [42] Comparing the results of the clear-sky radiation code of Corripio [2003] with the results of the WRF-simulation on clear summer days, we found the WRF tended to produce higher values for the clear-day incoming radiation at lower elevation or non-glaciated cells, whilst on the NPI itself good agreement was found. The over estimations by the WRF model at lower elevations might be due to overly high land-albedo values on snow-free surfaces. The good agreement of the models on the NPI itself makes us confident about the correctness of the radiation values used as input for the surface mass balance model. In Figure 8 , we present the long-term pattern of daily incoming solar radiation over the NPI between 1975 and 2011.
[43] The influence of orographic clouds on the western slopes and high peaks of the NPI is easily recognized, which reduce considerably the incoming solar radiation on the western and middle part of the icefield. The amount of radiation is considerably higher on the tongues of the eastern outlet glaciers. On the very western end of the tongue of San Quintín Glacier and on the tongue of Steffen Glacier in the south, an increase of incoming solar radiation is also visible.
Results of the Surface Mass Balance Model
Calibration of the Model and Determination of Uncertainties
[44] As outlined in section 2, the models used to predict the mass balance of the NPI involve the mathematical description of physical processes which take place in nature. This description, however, can only be a simplification of the processes that take place in the atmosphere and on the surface of the glaciers. Therefore, a calibration of the model is necessary. There are three open parameters that allow for a calibration of the model: p corr the precipitation correction factor and C 1 and C 0 , which quantify linear dependence of the sum of the long-wave radiative balance and the turbulent fluxes on the temperature. These parameters are, a priori, independent and can be varied systematically to improve the performance of the model. In Table 3 , we detail nine sets of parameters, which have been used for the simulation of the surface mass balance of the NPI.
[45] To judge the performance of the parameter sets, the results of the simulation were compared to measurements. Two important geodetic mass balance surveys and several point mass balance measurements were available to judge the performance of the model parameter sets (see section 1.1). The geodetic mass balance data can be used to judge the results of the models in two ways: assuming that mass changes of the glaciers are dominated by surface processes and calving, we can directly compare the modeled mass balance to the measured one for the non-calving glaciers. For the calving glaciers, calving fluxes c can be inferred from the surface mass balance simulations together with the total mass balance observations according to Q c = V surf -V total , where V surf denotes the simulated surface mass balance and V total the measured total geodetic mass balance. Since no long-term observations of calving fluxes exist for the time spans examined by the two geodetic mass balance surveys (1975-2000 and 2000-2009 ), we did not use the inferred calving fluxes to judge the performance of the model. Sometimes, however, the inferred calving fluxes were negative, which we used as an indicator for a negative performance of the model. The different criteria to judge the performance of the model can not be compared quantitatively. Therefore, we ranked the sets of model parameters in Table 3 according to the four following criteria:
[46] 1. best agreement of the simulated volume change of the three largest non-calving glaciers (HPN-1, HPN-4 and Exploradores) between 1975 and 2000 to the geodetic mass balance of Rignot et al. [2003] [47] 2. best agreement of the simulated volume change of the three largest non-calving glaciers (HPN-1, HPN-4 and Exploradores) between 2000 and 2009 to the geodetic mass balance of Willis et al. [2012] [48] 3. best agreement between the modeled and measured mass balance for all point measurements
[49] 4. lowest absolute value of the sum of negative calving fluxes inferred from the simulations and both the geodetic mass balance surveys for the most important calving glaciers of the NPI (San Rafael, San Quintín, Steffen, Colonia, Nef).
[50] To get the overall performance of the set of model parameters, we summed up the positions for the four different criteria (column 4 in Table 3 ). We can see that following our evaluation procedure, parameter set H performed best, followed by set B and set G. That is, with the observational mass balance data that were available to us, we can state that these three sets of model parameters reproduced best the observed mass changes on the NPI. By comparing the results of this three model parameter sets, we can get an idea about the sensitivity of the results to the open model parameters, i.e., the reliability of the results.
Specific Mass Balance
[51] The long-term pattern of yearly specific accumulation and ablation over the NPI averaged over the last 26 years, obtained from the surface mass balance model using parameter set H is presented in Figure 9 . Very large accumulation values of over 15 m w eq per year were obtained for the high peaks of the NPI with individual point values reaching nearly 24 m w eq on the peak of Mount San Valentín. At an elevation of 1500-2000 m, the accumulation is between 5 m w eq and 10 m w eq. On the large plateaus of the glaciers San Rafael and San Quintín (at an elevation of 1000-1500 m), the accumulation is between 2 and 5 m w eq. On the tongues of the glaciers, the accumulation is very small, because nearly all of the precipitation falls as rain. On average between 1975 and 2011, 51% of the total precipitation over the NPI is rainfall.
[52] Ablation is highest on the tongues of the Eastern outlet glaciers reaching nearly 18 m w eq on the tongue of Colonia Glacier. On the tongue of the southern outlet glacier Steffen, it reaches 15 m w eq, and on the Western outlet glaciers, 14 m w eq. The ablation on the plateau of the glaciers San Rafael and San Quintín is between 2 and 4 m w eq and even on the highest peaks of the NPI, some ablation is possible.
[53] The average annual specific mass balance of the years 1975 to 2011 (again for model parameter set H), are presented in Figure 10 . [54] Maximum mass balance values agree with maxima in accumulation, and minima in the mass balance with maxima in ablation. On the plateau, the mass balance is between -2 and 3 m w eq. On the western side, the Equilibrium Line (EL) of zero mass balance is located on the flat parts of the glaciers between 1000 and 1500 m. On the eastern side, the EL is slightly higher and the topography at the EL is steeper on average. The ablation, accumulations and surface mass balance patterns of the model parameters sets B and I are qualitatively and quantitatively very similar to the results of set H.
[55] The results of the simulations of the specific mass balance is compared to the different available point mass balance measurements (see section 1.1) in Figure 11 .
[56] For the CECs measurements at Nef Glacier, one point represents the average of 4-6 stakes (depending on the season) and the variability of the results is represented by the error bars. The coordinates of the positions of the Japanese 1983 expedition were estimated with the help of a map in Nakajima [1985] . Most of the simulated values agree well with the measurements. Parameter set B reproduces the mass balance values in the accumulation area better, whilst sets H and I reproduce better the ablation. The value obtained from Yamada [1987] in the accumulation area, however, is not reproduced very well by any of the parameter sets. Here, one has to keep in mind that local effects like drifting snow may increase the measured accumulation drastically at some places and reduce it at others. Such local effects are not included in the model and probably cancel out over larger areas such as entire glacier catchments, which will be analyzed in the next section.
Annual Surface Mass Balance of the Individual Glaciers
[57] Rivera et al. [2007] recently defined new ice divides for the NPI on the basis of a Digital Elevation Model generated from a mosaic of three ASTER images acquired on 3 September 2001 and ice flow surface patterns that were analyzed on different satellite images. We used catchments defined on the basis of these ice divides to analyze the annual mass balance of the individual glaciers of the NPI. In Figure 12 , we present the 1975-2011 average annual surface mass balance of the most important catchments of the NPI obtained for the parameter set H.
[58] The only tidewater calving glacier, the San Rafael Glacier has a clearly positive average annual mass balance of 1.6 m w eq. San Quintín, the largest glacier of the NPI, has a slightly negative annual mass balance of -0.5 m w eq. The freshwater calving glaciers Steffen in the south and Nef in the east, show clearly negative mass balances of -1.2m w eq and -1.4 m w eq respectively, which agrees with their strong retreats observed in the last decades [López et al., 2010] . HPN-1 Glacier, the largest non-calving glacier of the icefield has a very negative annual mass balance of -1.9 m w eq, whilst Colonia Glacier, the largest freshwater calving glacier on the eastern side of the NPI has an annual surface mass of approximately zero. The glaciers Pared Norte y Pared Sur in the southeast show extremely low annual mass balance of less than -3 m w eq, which seem to be unrealistically low. Possible reasons could be that these glaciers obtain snow by wind drift from their neighboring glaciers, which show more positive annual mass balances (Arco, HPN-4). Another reason could be that in that part of the icefield, the WRF simulation underestimates the precipitation, as we noted in the nearby weather station in Caleta Tortel (see Figure 1) . The very small glaciers Bayo and U6 in the northeast of the NPI show very low annual mass balance values as well. These results have to be interpreted with care since small mistakes in defining the ice divides can cause large errors for small glaciers. Furthermore, the model's resolution of 450 m might be too low to correctly resolve all the features of these small glaciers.
[59] We simulated the surface mass balance of the NPI from 1975 to 2000 and from 2000 to 2009 in order to compare the modeled mass balance with the observed thinning rates at the non-calving glaciers in the geodetic balance surveys of Rignot et al. [2003] and Willis et al. [2012] (see section 1.1). The results of the comparison are summarized in Table 4 .
[60] The annual net balances are calculated from the observed thinning by multiplying the volume losses with a density of 550 kg/m 3 for the accumulation area and 917 kg/m 3 for the ablation area for the data set of Willis et al. [2012] and with a density of 900 kg/m 3 for the data set of Rignot et al. [2003] , which contained predominantly observations in the ablation area. The high thinning rates observed at HPN-1 Glacier at the western side of the NPI are reproduced as well as the moderate thinning at HPN-4 and Exploradores. At HPN-4, the model seems to overestimate systematically the annual mass balance of the glacier. This confirms the idea that there might occur snow drift from the HPN-4 Glacier to Pared Sur Glacier, which shows a very negative mass balance in the model. For the conservatively estimated errors of Willis et al. [2012] , the simulated values for all parameter sets are within the uncertainty, whilst for the rather optimistic uncertainties of Rignot et al. [2003] , they are within two sigma.
Calving
[61] By subtracting the modeled volume losses due to surface processes from the measured total volume losses obtained from the geodetic mass balance surveys, we can make statements about calving losses of the glaciers. In Table 5 , we present the resulting calving fluxes of the two largest glaciers of the NPI, San Rafael Glacier and San Quintín Glacier, and the NPI as a whole for the two time spans 1975-2000 and 2000-2009 for the three parameter sets B, H and I.
[62] High calving fluxes are inferred for San Rafael Glacier and an increase of its calving fluxes is observed from 1975-2000 to 2000-2009 . The inferred calving fluxes are within the range of reported fluxes for the San Rafael Glacier [Naruse, 1985; Kondo and Yamada, 1988; Warren et al., 1995; Rignot et al., 1996; Koppes et al., 2011; Willis et al., 2012. San [Warren et al., 2001] . The calving fluxes of NPI as a whole doubled from 1975-2000 to 2000-2009 . Apart from an increase of the calving fluxes of already calving glaciers, many new glaciers began to calve into new pro-glacial lakes in the last decade. For the two large freshwater calving glaciers Nef and Steffen, the modeled annual surface mass balance was clearly lower than the measured overall mass balance in the geodetic mass balance surveys. We think that this difference between measured and modeled mass balances is also explained by snow drift mechanisms, which accumulate additional snow on these glaciers, and which are not considered in our model.
Equilibrium Line Altitudes
[63] The Equilibrium Line Altitude (ELA), the altitude of a glacier at which ablation and accumulation cancel out to a mass balance of zero, is an important glaciological variable. Together with the hypsometry, it allows for the calculation of the accumulation area ratio (AAR), which can give important information about the health state of a glacier. When the ELA agrees with the snowline at the end of the ablation season (normally late March in Patagonia), the ELA can be determined by analyzing satellite images or aerial photographs of that date. In Table 6 , we compare the results of the ELAs obtained from our model with studies which inferred the ELA from the snowline at the end of the ablation season.
[64] The variation of the ELA between the different model parameter sets is low, which is expressed by the low standard deviation of the mean value. Nearly all ELAs obtained from the simulation are higher than the observed snowline altitudes at the end of the ablation season. Since the precipitation in Patagonia does not show a very strong seasonality, it seems to be very probable that there might occur snowfalls below the ELA at any time of year, which may lead to a systematic underestimation of the ELA by the observations of the snowline altitude at the end of the ablation season. The large scatter of the observed snowline altitudes at the end of the ablation season, especially at the two largest glaciers of the icefield is also interesting. The a The uncertainties correspond to the uncertainties of the geodetic mass balance measurements. The error estimations of Willis et al. [2012] reduce by an order of magnitude when changing from thickness to volume errors using their assumption that individual pixel errors become uncorrelated over a distance of 630-810 m. observations of Aniya [1988] , which are the ones that agree best with the model's results at these two glaciers, differ from the other two studies by more than 200 m. Apart from the possibility of year-round snowfall below the ELA, the differences might also be due to the large interannual variability of the mass balance, which will be discussed in the next section.
Interannual Variability of the Mass Balance
[65] In Figure 13 , we present annual mass balance of the NPI as well as annual average accumulation and ablation (mean of sets B, H and I) for the years 1975-2011.
[66] A high interannual variability of the surface mass balance is visible. In 3 years (1975, 1990, 2009 ) the annual surface mass balance reaches extraordinarily high values of more than 1 m w eq. In these years, the accumulation is higher and the ablation lower than in the other years. That high accumulation coincides with low ablation is reasonable for two reasons: the high cloudiness, responsible for the high accumulation, reduces the incoming solar radiation and the additional accumulated snow takes longer to melt and increases the albedo of the NPI. A slightly increasing trend is seen in the annual surface mass balance from the 1970s and 1980s to the 1990s and 2000s, mostly due to an increase in accumulation. This may explain the similar mass loss rates of the NPI derived by Willis et al. [2012] for 2000 and Rignot et al. [2003 ] for 1975 -2000 : the surface mass balance of the NPI was higher between 2000 and 2009, so were the calving losses. The purely modeled annual accumulation values (precipitation data are not an input for the reanalysis models) show a good correlation with annual precipitation values at different weather stations in the region. Here, we have to remember that the data of the weather station are calendar year sums, whereas the modeled data are hydrological years (1975 corresponding to 1 April 1975 -31 March 1976 .
Predictions of the Surface Mass Balance and Sea Level Rise in the 21st Century
[67] The simulations of the annual surface mass balance of the NPI in the 21st century using model parameter sets B, H and I with the downscaled ECHAM5 data as input are presented in Figure 14 .
[68] Set B predicts slightly higher accumulation and ablation, whereas the resulting mass balance is very similar for the three model parameter sets. A marked change of the annual surface mass balance is observed from 2050 on, where it starts to decrease strongly reaching values lower than 3 m w eq towards the end of the century. This decrease of the mass balance is mainly due to an increase in the ablation, caused by increasing temperatures. The average accumulation shows a marked decrease from the 2080s on, which is due to a smaller percentage of solid precipitation. The mean annual surface mass balance changes from +0.21 m w eq in 2000-2009 to -2.35 m w eq in 2090-2099 (mean sets B, H and I). Summing up the annual surface mass balances, we find that mass loss of the NPI in the 21st century due to surface processes will be 282˙31 Gt (mean and standard deviation of sets B, H and I). The strong changes in annual mass change rates due to surface processes from +0.83 Gt/yr in 2000 Gt/yr in -2009 Gt/yr in 2090-2099 foresee much higher mass losses for the 22nd century.
[69] The contribution of losses due to calving are difficult to predict. Increasing temperatures will increase thinning, which will, together with enhanced availability of subglacial melt water, decrease the basal friction, accelerate the glaciers and increase calving fluxes. On the other hand, decreasing ice thicknesses will decrease the driving stresses and could also decrease calving fluxes in the future. Without being able to quantify these two competing processes, as a first order estimate, we assume that the calving losses in the 21st century will be the same as from 2000 to 2009 and obtain (taking the mean of the three model parameter sets in Table 5 ) calving losses of 310˙39 Gt for the NPI in the 21st century. All in all, the NPI would lose 592˙50 Gt of ice in the 21st century, which corresponds to a sea-level rise of 1.64˙0.14 mm. [70] In this contribution, we presented a combined modeling approach to gain new insight into the climatic situation in the region of the NPI and its surface mass balance. Geodetic and direct mass balance measurements were used to calibrate the surface mass balance model. A considerable quantity of meteorological measurements were collected and analyzed to evaluate and correct the output of the climate modeling.
Discussion and Conclusions
[71] The average amount of annual precipitation between 1975 and 2011 of 8.03˙0.37 m over the NPI obtained from the combined modeling approach is slightly higher than the estimate of 6.7 of Escobar et al. [1992] . This can be explained by the different time span that was analyzed by Escobar et al. [1992] (data from the 1960s to the 1980s) and the increase of accumulation that we observe in the 1990s in our modeled data ( Figure 13 ). An increase of accumulation in the 1990s and 2000s as compared to the second half of the 1970s and the 1980s has also been found by Koppes et al. [2011] on the San Rafael Glacier.
[72] The amount of yearly mass accumulation of 15.9 km 3 /yr w eq obtained in this study between 1975 and 2011 is double the value estimated by Willis et al. [2012] over the accumulation area considering the two point accumulation values from Yamada [1987] and Matsuoka and Naruse [1999] . This is interesting, considering that our model's prediction for the mass balance is lower at the measurement location of Yamada [1987] . On the other hand Willis et al. [2012] used the mass balance value of 2.2 m/yr obtained by Matsuoka and Naruse [1999] on the Nef glacier, which includes modeled ablation as well instead of using the measured accumulation of 3.5 m/yr. All in all, we conclude that in the absence of meteorological data on the icefields, point measurements of mass balance are important to calibrate mass balance models, but due to the high spatial variability of accumulation and ablation processes, it is difficult to interpolate on such a large area as the NPI.
[73] Using data from the two important geodetic mass balance surveys of Rignot et al. [2003] and Willis et al. [2012] and our surface mass balance simulations, we found a strong increase of calving losses from the NPI from 1.78˙0.24 km [Koppes et al., 2011; Willis et al., 2012] . However, velocity measurements at the calving front of San Rafael Glacier in the 1980s [Naruse, 1985; Kondo and Yamada, 1988] and the 1990s [Warren et al., 1995; Rignot et al., 1996] indicate that front surface velocities were similar to those measured in the 2000s [Willis et al., 2012; Maas et al., 2010] . Here, we must note that the velocity measurements in the 1980s and 1990s were mostly recorded in the spring and summer, whilst the measurements of Willis et al. [2012] ; Maas et al. [2010] are from early autumn and therefore intra-annual variations of velocity could blur the overall increasing trend. Another possible reason for the increase in calving fluxes at San Rafael Glacier could be an increasing sliding velocity due to an increased production of melt water. An important contribution to the increase in calving losses from the NPI is the formation of new lakes at the front of formerly land terminated glaciers, e.g., Soler, Colonia, San Quintín. The calving losses of these freshwater calving glaciers on the NPI are an order of magnitude lower than the losses at San Rafael Glacier [Warren et al., 2001] .
[74] The surface mass balance of the NPI showed a very high interannual variability. This has to be taken account of when interpreting observations of the snowline at the end of the ablation season of one specific year as long-term equilibrium line. Comparing observations of the snowline at the end of the ablation season of different years can provide better information about the long-term ELA [Barcaza et al., 2009 ].
Still, we found a systematic underestimation of the ELA by determining the altitude of the snowline at the end of the ablation season as compared to the results of our surface mass balance model.
[75] Our future projections of the surface mass balance of the NPI predict a strong increase in ablation from 2050 on and a decrease in accumulation from 2080, both due to an increasing temperature (Figure 4b ). Assuming no significant changes in calving losses in the 21st century, we obtain an overall mass loss of 617˙50 Gt of ice in the 21st century, which would correspond to a sea-level rise of 1.71˙0.14 mm, although part of the mass losses will probably be stored in newly forming lakes and wetlands [Loriaux and Casassa, 2013] .
[76] It is important to emphasize that the results of this study are based on a series of modeling steps, each of which comprises an important source of error and uncertainly. These errors are difficult to quantify. For the past, the results of the mass balance model can be compared to measurements to judge the performance of the model. The agreement of the model's results with measurements were mostly satisfactory, however, too negative simulated surface mass balance data were obtained for two important outlet glaciers of the NPI (Steffen and Nef). This indicates that some important processes, like, for example, snow drift, were not included in the model. In the projection of mass balance for the period until 2100, new sources of uncertainty arise. First, it must be recognized that the ECHAM5 is just one of many global models currently used to simulate future climate, and there are often considerable differences in simulations of future atmospheric warming and circulation obtained by different modeling centers [IPCC AR4, 2007] . Being based on just one model, our estimates of the future mass loss can only be considered to be an example of how climate change may lead to mass loss over the NPI in the future. Furthermore, ice dynamics may introduce two important new sources of error. The geometry of the icefield might change in the future: the area will reduce due to retreat, and the surface elevation will lower due to thinning. However, since the influence of both effects on the surface mass balance have different signs, the overall error could cancel out. Another important source of uncertainty caused by ice dynamics are the unknown calving fluxes in the future.
[77] In future work, a more representative estimate of future mass loss could be obtained by considering simulations from multiple GCMs under a realistic range of emissions scenarios and a detailed analysis of ice dynamical changes for at least some of the important outlet glaciers of the NPI.
